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Abstract

Aqueous solutions of benzene have been irradiated with Co

Y-rays with doses of up to 2. 3 Mrad in the temperature region TOO -

200 C. At 100 C a linear relationship between the phenol concen-

tration and the absorbed dose was obtained, but at 150 C and at higher

temperatures the rate of the phenol formation increased significantly

after an initial constant period. With higher doses the rate decreased

again, falling almost to zero at 200 C after a dose of 2.2 Mrad.. The

G value of phenol in the initial linear period increased from 2.8 at

100 C to 8.0 at 200 C. The reaction mechanism is discussed and

reactions constituting a chain reaction are suggested. The result of

the addition of iron ions and of a few inorganic oxides to the system

is presented and briefly discussed.

Printed and distributed in July 1965.
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_!_. Introduction

The radiolysis of aqueous benzene solutions at higher temper-

atures and at a high oxygen pressure has obtained considerable inter-

est. One reason for this is the potential application of the system for

the production of phenol.

The system has been studied by Proskurnin and Barelko [l ] at

room temperature and at an oxygen pressure of up to 28 atm. They

found a small increase of the phenol yield with increasing oxygen pres-

sure. Proskurnin et al. [ 2 - 6 ] subsequently found that the phenol yield

increased up to 70 molecules per 100 eV energy absorbed by a chain-

branching process at a temperature of or above 165 C, and a patent

for the production of phenol based on these studies has been issued [7],

Henley et al. [8], however, could not obtain the high G values claimed

in the Russian investigations. Recently, Hotta et al. [9] have reported

G values as high as 1000 when metal ions were added to the system at

elevated temperatures, and Danno [10] has pointed out the potential ap-

plication of such a system for the production of phenol. Hotta found

high yields of phenol even when the solution containing metal ions was

heated without.irradiation, so the advantage of using radiation appears

to be merely to decrease the temperature required for a certain yield.

Z_. Exper imenta l

!_, J Materials

Benzene and water were purified as described previously [l 1 ] .

The quality of titanium dioxide and thorium dioxide was as given in [12].

The triuranium octoxide had a specific surface area of 3. 3 m s /g. Other

chemicals were of p. a. quality and were used without further purifica-

tion.

pj*ocedure_

Irradiations were carried out in the autoclave shown in fig. 1 .

The total volume of the autoclave was 85 ml. Three ml benzene and

30 ml of an aqueous benzene solution were poured into a glass con-

tainer closely fitting into the autoclave and provided with a platinum

lid. The autoclave was tightend with lead packings, connected to the
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system shown in the figure and heated to the desired temperature within

30 minutes. After pressurizing with oxygen the samples were irradiated

with Co 'y-rays in the Gammacell 220 (Manufacturer: Atomic Energy

of Canada Ltd.). The dose rate in the autoclave, determined with the

Fricke dosimeter using a G value of 15.6, was 4800 rad/min (October

1963). After irradiation the samples were cooled within 3 - 4 hours.

The samples were extracted with ether and the extract analysed

for phenol by means of a gas chromatograph equipped with a flame ion-

ization detector. The phenol was determined by relating the area of the

phenol peak to the peak area of the internal standard (either benzylalco-

hol or p-cresol). The concentration could be determined in this way with

reasonable precision even in the weakest solutions, which contained only

about 30 p, moles/l.

We have distilled some of the ether samples and, by substracting

the phenol content from the weight of the residue, established that a

high boiling "polymer" is formed during the irradiation. In our search

for this "polymer" we analysed irradiated samples gas chromatographi-

cally on a two metre column, containing 1 % silicone high vacuum grease

on micro glass beads. The retention time at 1 1 5 C was 1 minute for

phenol and 9 minutes for biphenyl at a carrier gas flow of 25 ml/min.

The samples were analysed at various temperatures from 60 -190 C

and solutions of hydroquinone, biphenyl, o-terphenyl, and p-terphenyl

were also injected. Of these substances only biphenyl was present in

the irradiated samples. The concentration of biphenyl was a few thou-

sandths of the phenol concentration, i .e. of the order of magnitude

that would be expected for the formation of biphenyl in the benzene phase.

No other compounds were found in the samples, i .e. the "polymer" must

consist of substances with retention volumes greater than that of p-ter-

phenyl on this column.

When we analysed the samples for phenol according to the method

proposed by Baxendale [1 3] we got results 20 - 30 per cent higher than

the results from the gas chromatographic analysis, indicating that com-

pounds which absorb at the same wavelength as phenol are to some ex-

tent extracted intothe ether phase. We therefore determined the phenol

content in all samples gas chromatographically.
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jL Results

In fig. 2 is shown the yield of phenol as a function of the absorbed

dose at TOO, 150, 175, and 200 C. The oxygen pressure at room tem-

perature was in these experiments, as well as in those described below,

13 atm unless otherwise stated. The phenol produced in similar experi-

ments but without irradiation was only 3 - 5 per cent of the yield in the

irradiated samples. The results shown in fig. 2 are corrected for this

background yield. "Initial" G values, i .e. G values calculated on the

initial linear part of the curves, are given in table 1 together with "max-

imum" G values, i .e. differential G values calculated from the steepest

part of the curve. The results of Proskurnin et al. [3] are given for

comparison. They irradiated the system in a stainless steel autoclave

at a dose rate of 0.5 Mrad/h.

It is seen that the initial and the maximum G values increase and

that the steep part of the curve appears at a smaller dose with increas-

ing temperature. At the highest temperature the phenol concentration

seems to approach a maximum value of about 40 mmole/l. In fig. 3 it

is seen that a doubling of the oxygen pressure causes only a small in-

crease of the initial phenol yield without increasing the maximum yield.

In fig. 4 is shown the phenol yield when the system was irradiated

at 175 °C in the presence of 10~2 N iroh(ll) or 10~2 N iron(lll) ions in

dilute acid solution (l0~2 N sulphuric acid). The yields given in the fig-

ure are not corrected for the background yields because these were of

the same order of magnitude as the yields of the irradiated samples.

It is seen that the phenol concentration increases up to a maximum of

21 mmole/l at a dose of about 600.000 rad. After this dose decomposi-

tion proceeds at least as rapidly as the production of phenol.

Fig. 5 shows the preliminary results of the irradiation at 1 75 C

of the benzene-water system in the presence of 3 g of various inorganic

oxides. The phenol concentration increased linearly with the dose cor-

responding to a G value of 12. 7 for titanium dioxide and 2. 4 for thorium

dioxide and triuranium octoxide.

4_. Discussion

The mechanism of the phenol formation by the high temperature

irradiation of the benzene-water-oxygen system cannot be explained
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merely by considering the reactions taking place at room temperature.

These reactions have been discussed previously [1 1 ]. From fig- 2 we

see that the formation rate of phenol changes with increasing dose. In

the initial period the rate is relatively slow but increases with increas-

ing temperature and corresponds to a G value of 8 at the highest tem-

perature. After the initial period phenol is produced at a much higher

rate, probably due to a short chain reaction. It is observed that the

propagation period appears at a lower dose at the higher temperatures

and that the rate in this period increases with increasing temperature.

After the propagation period the rate of formation decreases again,

falling almost to zero after a dose of 2,2 Mrad at the highest temper-

ature". The last period begins when the concentration of phenol is of

the same order of magnitude as the concentration of benzene in the wa-

ter phase. The decrease in the rate of formation may be due to the ra-

diation decomposition of the phenol and to the action of phenol as a rad-

ical scavenger, thus interrupting the chain reaction.

The published information on the temperature variation of the rad-

ical yields from the irradiation of water is very scarce. Recently, how-

ever, Hochanadel and Ghormley [143 found the temperature coefficients

in the temperature region 2 - 6 5 C to be 0. 10 and 0. 18, expressed as

% per degree, for H and OH radicals respectively. The validity of an

extrapolation of these results to 200 C may be questionable, but we

have made the extrapolation as the best existing approximation. An in-

crease of the G value of less than 1 is then found when the temperature

is increased from 30 C to 200 C. As most of our samples are in the

liquid phase, we have not considered the higher G values reported for

the gas phase radiolysis [15]. However, the increase of the initial G

value of phenol with increasing temperature (see table 1) is much

higher than woixld be expected from the increase of the yield of H and

OH radicals.

In fig. 5 the logarithm of the initial G value which is proportional

to the rate of formation is plotted against the reciprocal Kelvin tempera-

ture. The figure includes a value from the room temperature irradia-

tion as determined previously [11]. There is no linear relationship,

especially not if the highest value of the reciprocal Kelvin temperature

is to be included. This can be explained if two or more rate determining
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reactions with different activation energies occur simultaneously. The

reaction predominating at room temperature has a low activation energy

and therefore its increased contribution at higher temperatures may be

disregarded. The quantity log(G. - G __ ) plotted against

the reciprocal Kelvin temperature gave a straight line as shown in fig. 5,

corresponding to a reaction with an activation energy of 7. 6 kcal/mole.

Almost the same activation energy is obtained from the maximum G

values. However, only 3 points determine this curve and, as the pre-

cision of the G values is low, the coincidence is probably fortuitous.

Dorfman et al. [16] have shown that the hydroxycyclohexadienyl-

peroxy radical, C6HS(OH}O3- , is formed as a result of the irradiation

of aerated aqueous solutions of benzene at room temperature:

C6H6 + OH- -C6HSOH- (1)

C6HSOH- + Os -C6H6(OH)O3- (2)

Phenol and the HO2 • radicals are then formed according to the reac-

tion

C6H6(OH)OE ' - C6H5OH + HOS • (3)

and HO3 • disappears with formation of HSOS

HOS- + HOS- -HSO 3 + Os (4)

The reaction

C6HS + HOS- ~>C6H7OS- (5)

may take place at higher temperatures and then compete with reaction

(4). The C6H7OE- radical may also be formed at higher temperatures

as a result of the reaction

C6H7- + O2 -C6H7O3- (6)

If this radical can give phenol according to the reaction

C6H7O3- ~>C6HB + OH- (7)
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a chain is established, consisting of the reactions (l - 3), (5), and (7).

The reactions (6) and (7) alone can increase the phenol yield at most

about three times above the yield at room temperature, but without caus-

ing a chain reaction. Our results are compatible with the above mecha-

nism, a chain reaction being started when a sufficient amount of the

C6H7O3' radical has accumulated. From fig. 3 it is seen that the ox-

ygen pressure does not change the maximum G value, so reactions (2)

and (6) do not control the rate of the chain reaction, which may be con-

trolled by reaction (7). A study of the dose rate effect, which has not

been made here, may give information about the mechanism of the ter-

mination process, which may be caused by radical-radical reactions or

by radical-solute (e.g. radical-phenol) reactions.

4. J T h e eff ec tof metalions

Iron ions increase the phenol yield in connection with the room

temperature irradiation as discussed previously [11]. Both oxidation

of iron(ll) ions and reduction of iron(lll) ions take place, so the irra-

diated samples contain both iron(ll) and iron(lll) ions. The chain reac-

tion sets in at a lower dose, as is seen in fig. 4. The G value of phenol,

averaged over the first absorbed 250.000 rad, is about 60. The increased

yield may be due to the participation of iron ions in the chain reaction

as discussed by Hotta et al. [9]. A comparison with their results is dif-

ficult because they irradiated the system with a dose of 14. 000 r and a

dose rate of about 34.000 r/h, whereas the smallest dose we studied

was 250. 000 rad. However, they obtained a phenol concentration of

about 14 mmole/l in the presence of either iron(ll) or iron(lll) ions,

both in irradiated and in unirradiated solutions. After a dose of 250. 000

rad the phenol concentration in our samples was 16 mmole/l, but as the

phenol concentration is changed but little with increasing dose our re-

sult is not in disagreement with Hotta's result.

The addition of metal oxides to the system changes the course of

the irradiation effects significantly, 3.nd a linear relationship between

the phenol yield and the dose is obtained in the whole dose interval. The

mechanism of the energy transfer from the metal oxides to the solution

may be different from the mechanism discussed previously for the room

temperature irradiation [12]. We have found that thorium dioxide, which
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gave the highest increase of the. phenol yield at room temperature,

decreases the yield when present at 1 75 C. The results presented

here are not sufficient to explain this difference between the room

temperature and the high temperature irradiation.

5_. Conclusion

When aqueous solutions of benzene are irradiated at higher tem-

peratures and at a high oxygen pressure, phenol is formed, probably

according to a short chain reaction. Together with reactions proposed

previously to explain the formation of phenol at room temperature ir-

radiation, the following reactions constitute the chain reaction:

C6H6 + HO2- ->C6H7O3-

C6H7- + Os -C6H7Oa-

CSH7OS- -C6H5OH + OH-

The chain reaction is started when a sufficient amount of the

C6H7O3- radicals has accumulated. A doubling of the oxygen pressure

did not alter the rate of the phenol formation significantly, so reactions

in which oxygen participate cannot be rate-controlling.
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TABLE ]

Yield of phenol at various temperatures.

Temperature
6C

100

135

150

165

175

200

"Initial"
G value

2 . 8

4 . 3

5. 7

8 .0

"Maximum"
G value

24

37

62

Results from
ref. 3 ("aver-
age" G value)

3 . 8

6.1

12.3

20.0



Fig. 1 Experimental arrangement. 1: manometer; 2% membrane;

3: pressure regulator! 4: oxygen container? 5: autoclave,

stainless steel SIS 2343| 6; heating mantles? 7; isolation

material; 8; magnet; 9: thermowell with thermoelement;

10; magnetic stirrer; 1 1; temperature regulator.

soo

Fig. 2 Phenol yields at various irradiation temperatures,

+: 1 00 °Cj 0 : 150 °C; 0 : 175 °C; ^7:2 00 °C.
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Fig. 3 Dependence of the phenol yield on the oxygen pressure.

Irradiation temp, 175 C. CDs 20 atm (at 175 C);

0 : 40 atm (at 175 °C).
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Fig. 4 Phenol yields in the presence of iron ions. Irradiation

temperature: 175 °C. +i 10~2 N F e 2 + i o s i O: 1 0"2

3+Fe ions.

10~2 N Fe 2 + i ons i 1 0"2 N
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Fig. 5 Phenol yields in the presence of inorganic oxides. Irra-

diation temperature: 175 °C +: TiO2i 0 : ThO?;

E3 : u3o8<,

-0,2
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Fig. 6 Dependence of the formation rate of phenol on the reci-

procal Kelvin temperature, -f; log Gj 0t
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Is - 1 + G
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